Objective: Overweight individuals sway more than normal weight individuals. Major weight loss improves their balance control despite a related decrease in muscle strength. Presumably, muscular strength is an important factor for balance control. This study investigated the effect that a change in body mass has on relative strength and balance control. Methodology: Force (isometric knee extension) and balance control (center of pressure speed and range) were studied in three groups; normal weight (BMI o25 kg m À2 ), obese (30 kg m À2 oBMIo 40 kg m À2 ) and excess obese (BMI 440 kg m À2 ) Caucasian male individuals. Results: The excess obese individuals who underwent bariatric surgery as a weight loss strategy were studied before, 3 and 12 months after losing on average, 66.9 kg ( ± 95% CI 55.8, 77.9 kg; on average, 45% of their weight). The obese individuals who underwent diet modifications were studied before dieting and when resistance to weight loss occurred after losing on average 11.7 kg ( ± 95% CI 9.3, 14.2 kg; on average, 12% of their weight). The control group was studied twice, 50 weeks apart. In obese and excess obese individuals, losing weight reduced absolute knee muscular strength on average, by 8.2 kg (±95% CI 3.9, 12.5 kg; on average, 10% of their strength) and 23.9 kg ( ± 95% CI 12.1, 35.8 kg; on average, 33% of their strength). However, it also increased balance control measured with speed of the center of foot pressure, on average, by 0.10 cm s -1 ( ± 95% CI 0.05, 0.14 cm s -1 ; or increased of 12%) and 0.28 cm s -1 ( ± 95% CI 0.07, 0.47 cm s -1 ; increased of 27%), respectively. Relative strength increased approximately by 22% for only the excess obese group 12 months post surgery. Conclusion: This suggests, in overweight individuals, weight loss is more efficient at improving balance control than increasing, or even maintaining muscle strength. In these individuals, training programs aimed at improving balance control should primarily target weight loss.
Introduction
Human balance control requires a coordinated transformation of the sensory signals into adequate muscular contractions. Just as muscle strength limits the performance of various athletic tasks such as weight-lifting or jumping, it is also true for daily tasks. For instance, several recent studies have reported a strong association between knee extensor strength and sit-to-stand performance. 1, 2 Furthermore, several studies have reported that muscle strength contributes to balance recovery. [3] [4] [5] In these cases, dynamic balance was greatly challenged (participants were either leaning forward and released or were tripped while walking) as a step was required to avoid a fall. During normal quiet stance, balance control is primarily achieved from proprioceptive feedback arising from the lower limbs and visual sources. 6 Decreased sensory information is often associated with poor balance control, although there are exceptions to this observation. 7 Generally, individuals that are less stable show a greater risk of falling. [8] [9] [10] For instance, Pajala et al, 8 showed that less stable individuals as measured with a force platform had a two-to four-fold risk for falls compared with more stable individuals. In addition, individuals with a large postural sway caused by reduced lower-limb sensory acuity or obesity likely require greater muscular strength to avoid a loss of balance. 9, 11 Subsequently, many studies have also proposed that muscular strength is important for balance control. 2 For instance, Lord, Clark and Webster 9 showed that quadriceps strength was poorer in frail older individuals with frequent falls compared to those with no falls. In addition, Era et al, 12 reported that muscle strength was positively associated with balance control. It appears then that the role(s) of muscular strength and sensory information processing is of a situation-specific nature.
In obese individuals, the relative amount of muscular strength necessary to maintain equilibrium increases when a larger mass is to be controlled. 11 Increased body weight in children, [13] [14] [15] pregnant women 16, 17 and obese and excess obese individuals 18 is associated with increased balance oscillations and likely increases the risk of falling. More convincingly, Teasdale et al. 19 showed that a decrease in body weight leads to improved balance control; these authors showed that approximately 50% of the variance during normal bipedal quiet stance is predicted by body weight. Overall, this suggests that weight is an important factor to explain variations in balance control. Weight loss is critical for reducing co-morbidity factors in excess obese individuals and for improving general health concerns in obese persons. [20] [21] [22] Weight loss, however, is also accompanied with a loss of absolute muscular strength and sometimes improvement in relative muscular strength. 23 Therefore, one may propose that weight loss induces a gain in relative muscular strength which could lead to improved balance control. We hypothesize that improved balance control following weight loss would be due to improved relative muscular strength (that is, muscular strength is important for balance control in overweight and obese individuals). To verify this hypothesis, this study was performed to assess whether there is an association between knee muscular strength and balance control in obese and excessive obese individuals, before, and after, weight loss interventions.
Methodology

Subjects and weight loss interventions
We studied three groups of Caucasian male adults: control (n ¼ 15; BMI o25 kg m ) (See Table 1 for anthropometrical values). All three groups were tested at baseline. Weight loss was obtained in the obese group by a hypocaloric diet until weight became stable for 4 consecutive weeks. This occurred after 15-47 weeks. Balance control and muscular force measures were collected for obese individuals before dieting and when weight loss stabilized. The excess obese individuals lost weight after a surgical procedure. Balance control and muscular force measures were collected before surgery, 3 and 12 months post-surgery. Control participants were evaluated at their first visit (baseline) and after a period varying from 6 to 12 months between visits (post). All participants reported no regular participation in physical activity. All participants gave their written informed consent to participate in this study, which was approved by the Laval University and the Laval Hospital Research Centre Medical Ethics Committees.
Weight loss procedures Hypocaloric diet. Obese subjects underwent an energy restriction dietary intervention. This corresponded to a reduction in energy intake of approximately 700 kcal day -1 , and was fixed for all subjects. To achieve this energy restriction, the baseline resting metabolic rate, measured by indirect calorimetry, was used by extrapolating this value over a 24-h period and then multiplying it by an activity factor of 1.4, which corresponds to a sedentary state. A 3-day dietary record was used to assess macronutrient and micronutrient composition of the diet of subjects at the onset of the program. To achieve the energy restriction and to maintain macronutrient composition, a nutritionist followed each subject during the diet program. During the study, obese subjects met a nutritionist bimonthly as a control session during which they were required to fill-out a 24-h dietary recall. This served as a measure of compliance to the energy restriction intervention.
Bariatric surgery. The excess obese subjects underwent a duodenal switch procedure. It consists of 65% sleeve gastrectomy, duodenoileostomy at 250 cm from the ileocecal valve, and ileoileostomy 100 cm from the ileocecal valve, Obesity, weight loss and balance control G Handrigan et al creating an alimentary channel of 250 cm including a common channel of 100 cm. 24, 25 The procedure permits food into only the distal part of the intestine, decreasing food absorption and decreases the role of bile.
Balance control protocol
Balance control was evaluated with a force platform (Kistler model 9284). Subjects stood barefoot on the platform with their feet 10 cm apart. Before the first trial, resting position was traced on a sheet of paper secured to the force platform. Subjects were asked to maintain a stable posture with arms alongside their body while fixing a reference point located at eye level (5 m in front of them). They performed seven trials with vision and seven trials without vision (eyes closed). All trials lasted 35 s and were initiated with the eyes opened. For the no-vision condition, an auditory signal, presented 5 s into the trial, indicated to the subject to close their eyes as the data collection was about to begin. Only the final 30 s served for the data analysis in each trial and condition. Visual conditions were randomly presented. Subjects were able to rest midway through the experiment. An assistant was present for all sessions to ensure that procedures were adequately followed and that foot position was constant across all trials. Anterior-posterior and medio-lateral coordinates of the center of foot pressure (CP) were determined from the ground reaction force and moments recorded at 200 Hz (12-bit A/D conversion). Before computing the CP displacement, the moments and force data were digitally filtered (Butterworth fourth order, 7 Hz low-pass cut-off frequency with dual-pass to remove phase shift). Mean CP speed, which corresponds to the cumulative distance over the sampling period was used to evaluate the ability of the participants to control their balance. CP antero-posterior and medio-lateral range values (mean ± s.d.) represent the maximum displacements of the CP in their respective directions and are considered as secondary measures of balance control.
Lower limb maximum force protocol While seated comfortably in an experimental chair the subjects performed isometric right quadriceps contraction with the hip angle fixed at 1001 and knee angle set at 901 of flexion. Isometric quadriceps extension was selected as representative of total lower body strength. 9 A padded cuff (15-cm wide) was secured above the ankle malleolus and attached to the load cell fixed to the chair. The subjects held a rigid armchair and were asked to maintain their back and their buttock in contact with the chair. Moreover, they were verbally directed to produce their maximal force and strongly encouraged to maintain this force level for about 3 s. For each condition, four trials were performed with a 1 min rest between trials. A load cell (InterTechnology model 9363-DI-500) measured lower limb forces. The force signal was amplified and conditioned (Ectron model 563H, Intertechnology, Toronto, Canada) before digitizing at 500 Hz (12-bit A/D conversion). All data were imported into the Matlab environment for the analyses. The force signal was filtered with a Butterworth low-pass filter, fourth order with 10-Hz cut-off frequency. All force time series were visually inspected and maximal force identified. The mean of the four trials were taken. The relative force measure (maximal force/weight) also was considered.
Statistical analysis
For the excess obese group (three instances: before surgery, 3 and 12 months post-surgery) the statistical analyses consisted of a repeated measures ANOVA and linear trend analysis. When post hoc multiple comparisons were performed, Dunnett-Hsu was selected. Overweight and control subjects were measured twice, (two instances: pre and post), and analyzed using one-way ANOVA on all variables; weight, CP speed, CP antero-posterior and medio-lateral range, maximum force and relative force. All balance control parameters were measured in vision and no vision conditions; similar results were obtained for both conditions and are presented in Table 2 whereas only the vision condition is included in the results and discussion section. Furthermore, mean difference ± 95% confidence interval data for all groups and dependent variables between pre and 3 months post (and pre and 12-month post applicable) are presented in Table 2 . All results were considered to be significant at the 5% critical level (Po0.05). Statistica Software 7.1 (Statsoft Inc., Tulsa, OK, USA) was used for all analyses. Balance control measures Figure 1a shows that weight loss led to a decreased CP speed suggesting balance control improvement as body mass decreased. More specifically, the excess obese group showed a significant effect of instance on CP speed (F (2.18) ¼ 7.4, Po0.001) and a significant linear trend (F (1,9) ¼ 9.9, Po0.05) between weight loss and CP speed across all three instances (from pre to 12-month post measures). In total, the excess obese individuals reduced their mean center of pressure speed by 27%. The obese group showed a significant difference between pre and post measures of CP speed (F (1,16) ¼ 22.0, Po0.001) with a decrease of approximately 12%. Finally, the control group experienced no significant difference in CP speed measures (P40.05). CP anteroposterior and medio-lateral range values (mean ± s.d.) values are presented in Table 3 for pre-and post-weight loss in vision and no vision conditions for all groups.
Lower limb maximum force Figure 1b presents the decrease in maximum force for all subjects. The excess obese group showed the greatest absolute decrease with approximately 33% of their maximum force lost from pre to 12-month post measures. This was a statistically significant loss (F (2,18) ¼ 16.8, Po0.0001) and a linear trend existed across all three instances (F (1,9) ¼ 20.9, Po0.001) indicating that as weight loss progressed, maximum force simultaneously decreased. The obese group showed a significant difference between pre and post instances (F (1,16) ¼ 16.1, Po0.001) with an approximate reduction of 10% in the post instance. Finally, as expected, no significant difference existed between the control group for both instances (P40.05).
Relative lower limb force Figure 1c Obesity, weight loss and balance control G Handrigan et al a statistically significant difference between pre and 12-month post (Po0.001), and 3-month post and 12-month post (Po0.001). The excess obese group gained approximately 22% in their relative force measure. The obese group showed no significant differences between pre and post measures (P40.05). Similarly, the control group showed no differences between pre and post measures (P40.05).
Discussion
In the absence of any strength training or specific balance training program, weight loss induces a decrease in absolute muscular strength and a gain in relative muscular strength from pre to post measures for the excess obese group only. It is noteworthy that the obese group did not show greater relative force following weight loss. In contrast to our hypothesis, improvement in relative strength cannot explain the improvement in balance control. The obese group improved their balance control without increasing their relative muscular strength. Moreover, the excess obese showed better balance control after 3 months although relative strength did not increase at this point. This is an important observation as it suggests that losing weight, more than maintaining strength, is a key factor for improving balance control in overweight individuals.
For this, we propose two explanations; one is purely mechanical and the other is proprioceptive. Normal quiet stance can be modeled by an inverted pendulum. 26, 27 Such a model predicts that a decreased mass (that is, reduced gravitational torque due to a decreased mass and a smaller distance between ankle joint and global center of mass position) requires less ankle torque to maintain balance, 28 therefore a slight loss of strength would not necessarily lead to balance control problems. The second explanation is that the increased body mass could overload the detection thresholds of the mechanoreceptors of the plantar sole and reduce the quality of the sensory information necessary for balance control. When compared with normal weight persons, overweight persons generally show larger plantar contact areas and greater mean pressure values for most anatomical landmarks. 29, 30 For instance, Birtane and Tuna 29 showed that, compared with control subjects, obese subjects with BMI between 30 and 34.9 kg m -2 showed significantly higher forefoot peak pressure, total plantar force and total contact area in the feet for static tasks. In addition, increases in pressure under the heel, mid-foot and metatarsal heads II and IV have been reported for overweight men. 31 Glabrous cutaneous receptors in these areas do not display background activity when unloaded. 32 Moreover, the frequency of slowly adapting mechanoreceptors rapidly reaches a plateau with an increased pressure 33 suggesting that the more significant pressure values and larger contact areas for obese persons may perturb the sensory information arising from the slow adapting plantar receptors. This could explain why a decreased mass following weight loss interventions Obesity, weight loss and balance control G Handrigan et al yielded improved balance control even though obese subjects also showed a loss of absolute strength. It is not our intent to argue that strength and strength training have no beneficial impact on the general health improvement and activity levels in overweight individuals. Our data, however, strongly suggest that for overweight individuals, weight loss appears to be a more critical factor for balance control. One could argue that increased relative strength, particularly for excess obese individuals 1 year post-surgery, contributed to the improved balance control. Data for both obese and excess obese individuals argue against this suggestion as they show that balance control improved despite a lack of increase in relative force (pre-surgery vs 3-months postsurgery for the excess obese individuals; pre vs post for the obese individuals).
Our limitations are that we have looked at the normal quiet stance only and in persons aged 24-61 (bariatric surgery is rarely performed in persons above 65 years of age). There is a possibility that more challenging balance conditions, such as when one trips on an object or slips, would stress a weaker muscular system; this has often been suggested. 5, 34, 35 In addition, the relative importance of knee strength for balance control may increase with old age. This is suggested by Jadelis et al. 36 who showed that high BMI values in elderly persons indicate reduced relative muscular strength and are associated with poor dynamic balance control. Besides, in overweight individuals Mafiuletti et al. 37 showed that one-legged-timed balance score (that is, how long a person can stand on one leg) increased with a combined weight loss-strength training program over a weight loss only program. However, their weight loss values were much smaller than those observed in this study (on average, about 6.6 kg in Mafiuletti et al., vs 11.8 and 66.8 kg for obese and excess obese individuals in this study) and learning to balance on one leg could explain these results. Furthermore, strength alone may not be sufficient to change the outcome of a tripping event. Fall incidents are multifactorial and do not always involve tripping or slipping. 38 The temporal parameters of a stabilizing response are more important, that is, the delay in the onset of a counteracting torque and the rate of torque development are seen as critical factors for stabilizing responses. 11, 39, 40 However, it is not known if these factors vary with weight loss.
In conclusion, a decrease in body weight led to better balance control. No training was offered to participants and none reported engaging in a regular exercise program. Because of low overall force requirements necessary to control balance oscillations and a showed significant improvement in balance control with weight loss, we propose that significant improvements in balance control can result from a decrease in body weight, despite decreases in absolute strength and small gain in relative strength. This suggests that for overweight individuals, a balance control improvement training program may have limited impact if a weight loss intervention is not included. Weight loss appears as an optimal way to improve balance control in overweight individuals.
